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1A. STATEMENT OF PROBLEM STUDIED

During the past decade, as microelectronics technology has continued to pursue
the scaling down of IC device dimensions into the submicron and ultrasubmicron
regions, many new and interesting questions have emerged” concerning hot-carrier
physics, particularly with regard to the solid-state dynamics and quantum transport of
carriers in crystalline solids subjected to high electric fields.

In this research, we have studied electric field-assisted transport of charge
carriers in solids with specific emphasis on the role of electron-electron interactions in
the dynamical processes. Specific interest in this study arises from issues and
questions relevant to the simuitaneous role of high-electric fields and electron
scattering processes in influencing transport, electron relaxation, noise generation, and
ionization processes in quantum-wells, tunnel barriers, and superlattices®.

Prior to this research program we had developed® a novel formalism for treating
Bloch electron dynamics and quantum transport in inhomogeneous electric fields of
arbitrary strength and time dependence. In this formalism, the electric field is
described through the use of the vector potential, a gauge choice which leads to a
natural temporal description of Bloch electron dynamics in the presence of electric
fields. In addition, a basis set of dynamical localized Wannier functions had been
established® and utilized to derive a quantum "Boltzmann equation" which included
band-structure effects and explicit band-mixing transients such as effective mass
dressing and Zener tunneling; the application of this formalism to quantum transport in
spatially localized inhomogeneous electric fields such as occur in problems involving
tunneling through "band-engineered" tunneling barriers and impurity scattering had
been presented®.

In this work, we have extended this previously established methodology to treat
a variety of physical systems including multiband systems with uniform electric fields
and systems containing localized impurities.




1B. SUMMARY OF MOST IMPORTANT RESULTS

During this initial period of research, a novel multi-band theory of Bloch electron
dynamics in homogeneous electric fields of arbitrary strength and time-dependence
was formulated. In the formalism, the electric field is described through the use of the
vector potential. Multi-band coupling is treated through the use of the Wigner-
Weisskopf approximation, thus allowing for a Bloch electron transition out of the initial
band due to the power absorbed by the electric field; also, the approximation ensures
conservation of total transition probability over the complete set of excited bands. The
choice of the vector potential gauge leads to a natural set of extended time-dependent
basis functions for describing Bloch electron dynamics in a homogeneous electric field;
an associated basis set of localized, electric field-dependent Wannier and related
envelope functions are developed and utilized in the analysis to demonstrate the
inherent localization manifest in Bloch dynamics in the presence of strong electric
fields. From the theory, a generalized Zener tunneling time is derived in terms of the
applied uniform electric field and the relevant band parameters; specific results are
derived using a nearest-neighbor tight-binding, multi-band model, and are shown to
have an equivalent parametric dependence on electric field to that of the well-known
Kane's two-band model. Further, the analysis shows an electric field-enhanced
broadening of the excited state probability amplitudes, thus resuliting in lattice space
delocalization and the smearing of discrete, Stark-ladder and band-to-band transitions
due to the presence of the electric field.

As a result of this grant, research has been completed that resulted in the
formulation and publication of a multiband theory of Bloch electron dynamics in a
uniform electric field of arbitrary strength. In this formalism, the electric field is
described through the use of the vector potential. Multiband coupling is treated
through the use of the Wigner-Weisskopf approximation, thus allowing for a Bloch-
electron transition out of the initial band due to the power absorbed by the electric field;
also, the approximation insures conservation of total transition probability over the
complete set of excited bands. The choice of the vector-potential gauge leads to a
natural set of extended time-dependent basis functions for describing Bloch-electron
dynamics in a homogeneous electric field; an associated basis set of localized, electric-
field-dependent Wannier and related envelope functions has been utilized in the
analysis to demonstrate the inherent localization manifest in Bloch dynamics in the
presence of relatively strong electric fields. From the theory, a generalized Zener
tunneling time has been derived in terms of the applied uniform electric field and the
relevant band parameters; specific results have been derived from the general theory
using a nearest-neighbor tight-binding, multiband model, and were shown to have
identical parametric dependence on electric field, but different, more realistic
dependence on the appropriate band-structure parameters than those of the well-
known Kane and effective-mass two-band model. Further, the analysis shows an
electric-field-enhanced broadening of the excited-state probability amplitudes, thus
resulting in spatial lattice delocalization and the onset of smearing of discrete, Stark-
ladder, and band-to-band transitions due to the presence of the electric field. In




addition, it is predicted that the velocities of a Bloch oscillation will be observed only for
the electron that is initially in a Bloch state before Zener tunneling. Further, the
influence of electric fields on resonant tunneling structures has been examined.

During this research effort we have also formulated a theory for describing Bloch
electron transport in inhomogeneous electric fields due to localized impurities.
Furthermore, this theory has been used to model the dynamics of a Bloch electron in
homogeneous electric fields in the presence of such impurities. Based on this model,
we have predicted that field-controlled current modulators can be realized on the basis
of the barrier-strength tuning that occurs when the Bloch frequency is an integral
multiple of the frequency of the applied field; this phenomenon has been used to define
a wide variety of novel field-controlled current modulators as documented in our
invention disclosure filed with Docket Number CECOM-5153 in 1994.
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Multiband theory of Bloch-electron dynamics in a homogeneous electric field
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A multiband theory of Bloch electron dynamics in a uniform electric field of arbitrary strength is
presented. In this formalism, the electric field is described through the use of the vector potential. Mul-
tiband coupling is treated through the use of the Wigner-Weisskopf approximation, thus allowing for a
Bloch-electron transition out of the initial band due to the power absorbed by the electric field; also, the
approximation insures conservation of total transition probability over the complete set of excited bands.
The choice of the vector-potential gauge leads to a natural set of extended time-dependent basis func-
tions for describing Bloch-electron dynamics in a homogeneous electric field; an associated basis set of
localized, electric-field-dependent Wannier and related envelope functions are utilized in the analysis to
demonstrate the inherent localization manifest in Bloch dynamics in the presence of relatively strong
electric fields. From the theory, a generalized Zener tunneling time is derived in terms of the applied
uniform electric field and the relevant band parameters; specific results are derived from the general
theory using a nearest-neighbor tight-binding, muitiband model, and are shown to have identical para-
metric dependence on electric field, but different, more realistic dependence on the appropriate band-
structure parameters than those of the well-known Kane and effective-mass two-band model. Further,
the analysis shows an electric-field-enhanced broadening of the excited-state probability amplitudes, thus
resulting in spatial lattice delocalization and the onset of smearing of discrete, Stark-ladder, and band-

to-band transitions due to the presence of the electric field.

L. INTRODUCTION

Bloch-electron dynamics in a homogeneous electric
field has been a subject of great interest dating back to
the earliest a]laplications of quantum mechanics to solid-
state physics.!”> Even more recently, as modern fabrica-
tion technologies continue to drive the study of solid-
state transport into the nanometer domain, many in-
teresting questions have emerged concerning the solid-
state dynamics and quantum transport of carriers in
“band-engineered” superlattices and tailored periodic
solids.

Foremost among current questions are the age-old,
controversial issues concerning the existence of Bloch os-
cillations and electric-field-induced Stark-ladder energy
levels. Recent optical experiments, on excitonic emission
from double wells* and four-wave mixing from superlat-
tices,»® and optical-absorption studies clearly indicated
oscillatory electron dynamics and the manifestation of
concomitant Stark-ladder transitions when optical prob-
ing is invoked; on the other hand, Bloch oscillations have
been elusive in transport experiments, save for several re-
ports of negative differential resistance observations’ !0
ascribed to Bloch oscillatory phase breaking due to the
onset of scattering.

No doubt, there is still work to be done in developing
the ultimate fundamental resolution of issues concerning
the experimental manifestations of Bloch oscillations and
the apparent differences observed in transport versus
optical-absorption experiments. Resolution of these and
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other profound issues of quantum transport and optical
absorption in the solid state require a fundamental, first-
principles description of Bloch-electron dynamics in the
presence of homogeneous electric fields of arbitrary
strength. Therefore, the purpose of this paper is to ex-
tend the zero-order theory of Bloch-electron dynamics in
homogeneous electric fields to include implicitly the
effects of real band structure in a multiband analysis; as
such, the theory derives the dependence of the Zener tun-
neling time on real band-structure - parameters and
quantum-mechanical initial conditions.

In this paper, a multiband theory of Bloch-electron dy-
namics in homogeneous electric fields of arbitrary
strength is presented. In this formalism, the electric field
is described through the use of the vector potential; in
this regard, this work is a major extension of the metho-
dology previously developed by one of the authors
(G.J.L) and co-workers' ™ to describe solid-state dynam-
ics and quantum transport for Bloch electrons in an ap-
plied homogeneous electric field of arbitrary strength and
time dependence, including weak scattering from ran-
domly distributed impurities and phonons,' and a spatial-
ly localized, inhomogeneous electric field.> The present
paper extends the transition rate theory well beyond the
short-time, time-dependent perturbation theory treat-
ment of Krieger and Iafrate' to a long-time, multiband
analysis. The muitiband coupling is treated in the
Wigner-Weisskopf (WW) (Ref. 11) approximation, a clas-
sic approach for describing the time decay from an occu-
pied quasistationary state; the WW approximation allows

7553 ©1994 The American Physical Society
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Multiband theory of Bloch electron
dynamics in electric fields
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Abstract. A novel muitiband theory of Bloch electron dynamics in homogeneous
electric fields of arbitrary strength and time dependence is presented. In this
formalism, the electric field is described through the use of the vector potential.
Multiband coupling is treated through the use of the Wigner-Weisskopf
approximation, thus allowing for a Bloch electron transition out of the initial band
due to the power absorbed by the electric field: also. the approximation ensures
conservation of the total transition probability over the complete set of excited
bands. The choice of the vector potential gauge leads to a natural set of extended
time-dependent basis functions for describing Bioch electron dynamics in a

homogeneous electric field; an associated basis set of localized.

electric-field-dependent Wannier and retated envelope functions are developed
and utilized in the anaiysis to demonstrate the inherent localization manifest in
Bloch dynamics in the presence of relatively strong electric fields. From the
theory, a generalized Zener tunnelling time is derived in terms of the applied
uniform electric field and the relevant band parameters. The analysis shows an
electric-field-enhanced broadening of the excited state probability amplitudes,
thus resuiting in spatial lattice delocalization and the onset of smearing of
discrete, Stark ladder and band-to-band transitions due to the presence of the
electric field. In addition, the velocities of a Bloch oscillation will be observed only
for the electron that is initially in a Bloch state before Zener tunneiling. Further,
the influence of electric fields on resonant tunnelling structure is examined.

1. Introduction

Bloch electron dynamics in a homogeneous electric field
has been a subject of great interest dating back to the
earliest applications of quantum mechanics to solid state
physics [1-3]. Even more recently, as modern fabrication
technologies continue to drive the study of solid state
transport into the nanometre domain. many new and
interesting questions have emerged concerning the solid
state dynamics and quantum transport of carriers in
‘band-engineered’ superlattices and tailored periodic
solids.

In this paper, a novel multiband theory of Bloch
electron dynamics in homogeneous electric fields of
arbitrary strength is presented. In this formalism. the
electric field is described through the use of the vector
potential: in this regard. this work builds on the
methodology previously developed by one of the authors
(GJI) and co-workers [1-3] to describe solid state
dynamics and quantum transport for Bloch electrons
in an applied homogeneous electric field of arbitrary
strength and time dependence, including weak scattering
from randomly distributed impurities and phonons [,
and a spatially localized. inhomogeneous electric field
[3]. In addition, multiband coupling is treated in the

Wigner—Weisskopf (w-w) [4] approximation. a classic
approach for describing the time decay from an occupied
quasistationary state; the w—w approximation allows for
the analysis of the long-time. time-dependent tunnelling
characteristics of an electron transition out of an initially
occupied band due to the power absorbed by the electric
field, while preserving conservation of total transition
probability over the complete set of excited bands.

The choice of the vector potential gauge leads to a
natural set of basis functions for describing Bloch electron
dynamics in a homogeneous electric field. A basis set of
localized, electric-field-dependent Wannier functions and
associated envelope equations are developed to accom-
modate the inherent localization manifest in Bloch
dynamics due to a relatively strong electric field.

Building on previous methodology [3], use is made
of the instantaneous cigenstates of the Hamiltonian
describing a Bloch electron in an electric field

! e 2
H=—|P—-A4,)) + Vx) ()
2m c
where V,(x) is crystal potential. 4, = —cE,t is the vector

potential for the time-independent homogeneous electric
field, E,, turned on at initial time ¢ = 0. The solution
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| Tight-binding Calculation of Linear Optical Properties
| of Ings3GagrAs Alloys and Heterostructures
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We present theoretical calculations of the dielectric function (w) of Ing s3Gag 47As/InP
superlattices, using the empirical tight-binding (TB) description of electronic states.
We demonstrate that the absorption spectra of the constituent bulk materials can be
reproduced very well with an appropriate choice of values for optical matrix elements
between (TB) basis functions. These parameters then yield the absorption spectra of
superlattices. We have computed the imaginary part of the dielectric function, e2(w),
for ultrathin (Ings3Gao.47As),/(InP), superlattices, for n = 1,2, and 3. It is found
to be almost identical in all 3 cases. The dominant E; and E; peaks of e2(w) of the
superlattices are located in between the corresponding peaks of bulk Ing.53Gag.a7As
and InP. £5(w) is found to be identical for light polarized parallel or perpendicular to
growth direction.

Abstract
|
|

I Introduction

In,Ga,_.As alloys and their heterostructures with wider bandgap semiconductors such as
InP have emerged as important materials for optoelectronic applications during the past
two decades. Examples of such applications include photodetectors, LED’s and double-
heterostructure lasers for low-loss, low-dispersion optical fiber communication. Many of these
applications require a knowledge of the dielectric function g(w) [1], which is a fundamental
material parameter related to the energy band structure and optical matrix elements between
valence and conduction band states. In bulk semiconductors {w) is adequately modeled by
analytic expressions derived using k- p theory. Here the dominant contribution to &(w)
comes from interband critical points [2, 3]. The contribution from each critical point may
be calculated using parabolic energy bands and a constant momentum matrix element.




